Abstract Net cellular L-lactate efflux associated with accelerated anaerobic glycolysis has been implicated as a potential cause of the marked cellular K' loss contributing to lethal cardiac arrhythmias in ischemic heart and to impaired function of fatigued skeletal muscle. To examine the mechanisms of transsarcolemmal L-lactate movement in the heart, isolated guinea pig ventricular myocytes were loaded with the fluorescent H' or K' indicators, carboxy SNARF-1 or PBFI, respectively, under whole-cell patch-clamp conditions. With H' as the only permeable monovalent cation, a rapid increase in
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General Properties and Relation to K' Fluxes Ru-Chi Shieh, Joshua I. Goldhaber, Jeffrey S. Stuart, James N. Weiss Abstract Net cellular L-lactate efflux associated with accelerated anaerobic glycolysis has been implicated as a potential cause of the marked cellular K' loss contributing to lethal cardiac arrhythmias in ischemic heart and to impaired function of fatigued skeletal muscle. To examine the mechanisms of transsarcolemmal L-lactate movement in the heart, isolated guinea pig ventricular myocytes were loaded with the fluorescent H' or K' indicators, carboxy SNARF-1 or PBFI, respectively, under whole-cell patch-clamp conditions. With H' as the only permeable monovalent cation, a rapid increase in extracellular L-lactate concentration ([L-]I) from 0 to 30 mmol/L at constant pIt (7.35) caused an intracellular acidification averaging 0.18±0.02 pH units in 60 seconds (n=7), reflecting L-lactate influx in association with H' influx (or OHefflux). Under voltage-clamp conditions, no significant electrogenic current was associated with H'-coupled L-lactate influx, and membrane potential (-75 to +75 mV) had no effect on N i rormal aerobically functioning mammalian heart removes lactic acid from blood, whereas during ischemia or hypoxia, anaerobic conditions lead to net lactic acid production that subsequently appears in venous blood. A monocarboxylic acid carrier that facilitates transsarcolemmal diffusion of L-lactate has been identified in the surface membrane of heart muscle and other tissues (for an excellent review, see Reference 1; also, References 2 through 13). Combined evidence of saturability, stereoselectivity for L-lactate over D-lactate, marked temperature dependence, inhibition by protein-modifying reagents, and inhibition by other monocarboxylic acids strongly suggests that L-lactate flux across the surface membrane is mediated by a membrane-bound transport mechanism in addition to passive diffusion. In heart and other tissues,3-13 it has also been demonstrated that transmembrane movement of L-lactate is coupled to H' or OH-on the basis of the strong dependence of L-lactate transport on the transmembrane pH gradient. The possibility that L-lactate is cotransported or countertransported with ions other than H' is still controversial, but both Na+-linked (in noncardiac tissue) and anion-linked L-lactate transport have been identified.1 This issue is important, since in ischemic cardiac muscle and fatigued skeletal muscle, it has been hypothesized that marked increase in cellular L-lactate efflux under anaerobic conditions may be a cause of net cellular K' loss, with K' acting as a charge-balancing counter ion for electrogenic L-lactate efflux.14-18 [K']O is a major factor contributing to the development of lethal reentrant ventricular arrhythmias in ischemic cardiac muscle,19 the leading cause of death from coronary artery disease, and in skeletal muscle it may be an important protective mechanism for reducing excitability during fatigue.20 Although the time course and magnitude of L-lactate efflux are quantitatively compatible with the observed K' loss under these conditions,142' there is no direct evidence supporting K'-coupled L-lactate efflux in cardiac or skeletal muscle. An alternative possibility is that activation of ATPsensitive K' channels makes an important contribution to cellular K4 loss in these settings. 22 
Materials and Methods

Cell Isolation
Single ventricular myocytes were isolated by enzymatic digestion with collagenase and protease as described by Mitra and Morad.31 Briefly, guinea pigs (200 to 300 g) of either sex were anesthetized with an overdose of intraperitoneally administered pentobarbital sodium. The heart was quickly removed through a thoracotomy incision and mounted in a Langendorff perfusion apparatus for enzymatic perfusion. Ventricular myocytes were then isolated from the digested hearts and stored at room temperature in normal Tyrode's solution until use the same day.
Whole-Cell Patch-Clamp Methods
The whole-cell patch-clamp technique32 was used to control the membrane potential and monitor the membrane current.
Patch pipettes with tip diameters of 3 to 5 gm and resistances of 0.5 to 1.5 Mfl when filled with the internal solution described below were used to dialyze the single myocytes. In most experiments the internal solution consisted of (mmol was dialyzed into the cell through the patch pipette. The excitation wavelength at 515 nm was generated from a Nikon 100-W mercury arc lamp whose beam passed through a electronically gated shutter (to prevent photobleaching and phototoxicity) and a 515-nm interference filter. The excitation beam was then reflected by a dichroic mirror centered at 565 nm into a Nikon CF Fluor x40 oil objective. Fluorescence from a 20-,um-diameter spot focused on the myocyte was collected at emission wavelengths at 580 and 630 nm with two photomultiplier tubes. The ratiometric method34 was used to convert the fluorescence signals to [Ht] The most important conclusion of this study is that K'
is not efficiently cotransported with L-lactate in heart. Cellular K' efflux increases dramatically in response to metabolic insults to the heart such as ischemia, hypoxia, and exposure to inhibitors of both glycolytic and oxida- pH regulatory mechanism. The third possibility is unlikely, since no K'-H' exchange mechanism has been Lanism includes saturation with increasidentified in heart, and Na+-H+, Na4-HCO3-and Cl--ncentration, stereospecificity for L-lac-HCO3-exchange, the predominant pH regulatory systate, marked temperature dependence, tems in cardiac muscle, were inactivated by the emission by other monocarboxylic acids and by of Na4 and HCO3-, respectively. Also, the anion exing reagents such as a-HC and mersalyl change inhibitor DIDS had no effect on the degree of )ur results are generally consistent with intracellular acidification in response to elevated [ The previous finding that net K' loss during hypoxia did not parallel L-lactate loss2' is also consistent with our observation that the L-lactate transport inhibitor a-HC had no significant effect on the rate of [K+] o accumulation during myocardial ischemia in the septal preparation (Fig 7) . This finding confirms, in the setting of genuine ischemia, the result obtained by Gasser and Vaughan-Jones47 during simulated ischemia in papillary muscles. In contrast, however, Cascio et al17 found that a-HC increased [K+] o in ischemic rabbit papillary muscles. In none of these studies was the effect of a-HC on ischemic L-lactate efflux documented -in our case, because its fluorescent properties interfered with the L-lactate assay. The effectiveness of a-HC at blocking L-lactate efflux in the intact heart is also questionable for other reasons. First, our results in myocytes showed that 5 mmol/L a-HC was only partly effective at blocking L-lactate transport. Second, it is possible that extracellularly applied a-HC was even less effective at blocking L-lactate efflux, such as occurs during ischemia, than at blocking L-lactate influx. Third, since a-HC is a potent inhibitor of mitochondrial monocarboxylate transport,48 the resulting accumulation of cytosolic pyruvate and lactate may have been sufficient to overcome the inhibition of sarcolemmal L-lactate transport by a-HC. Finally, if K' and L-lactate efflux happened to be linked by an a-HC-insensitive transport process, then inhibition of a-HC-sensitive H+-coupled L-lactate cotransport would tend to potentiate K'-linked L-lactate transport and increase the rate of ischemic [K+] o.
Thus, the failure of a-HC to reduce ischemic [K']. is not conclusive.
Caution must be exercised in extrapolating our observations on L-lactate influx in the single myocytes to ischemia in the intact heart. In the isolated myocyte experiments, we were only able to study L-lactate influx, and we cannot exclude the possibility that the L-lactate transporter may have asymmetric properties with respect to cations cotransported with L-lactate. However, it has been shown in Ehrlich ascites tumor cells that influx and efflux of L-lactate are symmetrical with respect to the concentration dependence of monocarboxylate transport.'3 Also, it is possible that various components of the ischemic environment may alter the properties of the L-lactate transporter or affect membrane permeability to L-lactate in such a way that K+-coupled L-lactate efflux becomes significant. Finally, because of the methodological limitations of the present study, we could not exclude the possibility that a minor component (estimated at <10%) of total L-lactate flux was coupled to K'. This amount could still account for a significant component of net K' loss during myocardial ischemia and hypoxia, since net L-lactate efflux exceeded net K' efflux by a factor of 1.7 to 2.7 during ischemia and by 5.7 during hypoxia.'4'21 Nevertheless, our findings do not provide any direct evidence in support of the hypothesis that ischemic and hypoxic K' loss are due to this mechanism.
